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Summary
Action potentials in central neurons are initiated near
the axon initial segment, propagate into the axon, and
finally invade the presynaptic terminals, where they
trigger transmitter release. Voltage-gated Na+ channels
are key determinants of excitability, but Na+ channel
density and properties in axons and presynaptic ter-
minals of cortical neurons have not been examined yet.
In hippocampal mossy fiber boutons, which emerge
from parent axons en passant, Na+ channels are very
abundant, with an estimated number of ~2000 channels
per bouton. Presynaptic Na+ channels show faster in-
activation kinetics than somatic channels, suggesting
differences between subcellular compartments of the
same cell. Computational analysis of action potential
propagation in axon-multibouton structures reveals
that Na+ channels in boutons preferentially amplify
the presynaptic action potential and enhance Ca2+ in-
flow, whereas Na+ channels in axons control the reli-
ability and speed of propagation. Thus, presynaptic
and axonal Na+ channels contribute differentially to
mossy fiber synaptic transmission.
Introduction
Communication between excitable cells is a complex
series of electrical and chemical events. Following initi-
ation near the initial segment, action potentials (APs)
propagate into the axon, invade the presynaptic ter-
minals, and finally trigger transmitter release (Hille,
2001; Katz, 1969). Whereas the propagation of the AP
along the axon is an active process critically dependent
on a high density of voltage-gated Na+ channels, the
process of AP invasion into presynaptic terminals is
less well understood. While there is evidence for active
invasion in the amphibian neuromuscular junction (Katz
and Miledi, 1965), APs are thought to spread passively
from the preterminal heminode into the terminal
branches in mouse and lizard neuromuscular synapses
(Brigant and Mallart, 1982; Dreyer and Penner, 1987;
Lindgren and Moore, 1989). Furthermore, direct presyn-
aptic recordings from the rat calyx of Held, a major re-
lay synapse in the auditory brainstem, revealed that
Na+ channels are clustered near the heminode, but are
excluded from the presynaptic calyceal terminal (R.M.
Leão et al., 2004, Soc. Neurosci., abstract). Thus, at
least in mammalian neuromuscular junctions and calyx
synapses, AP invasion into presynaptic terminals ap-
pears to be a passive process.*Correspondence: peter.jonas@physiologie.uni-freiburg.deIs the absence of Na+ channels from presynaptic ter-
minals a general phenomenon that also extends to cor-
tical boutons? Unlike peripheral axons, central axons
often show extensive branching, and the majority of
synaptic boutons emerge from these axons in an en
passant manner. Both axonal branches and en passant
boutons may generate a substantial electrical load to
the invading AP (Goldstein and Rall, 1974; Lüscher and
Shiner, 1990a, 1990b). Although the reliability of con-
duction of APs in cortical axons remains controversial
(Koester and Sakmann, 2000; Cox et al., 2000; Debanne
et al., 1997; reviewed by Debanne, 2004), computa-
tional studies have suggested that AP propagation may
fail at axonal branch points and en passant boutons,
leading to presynaptically silent synapses (Lüscher and
Shiner, 1990a, 1990b). Furthermore, strings of large en
passant boutons may generate substantial delays in
propagation (Manor et al., 1991). The role of Na+ chan-
nels in the process of AP propagation and coupling to
transmitter release has remained unclear. While the
presence of Na+ channels in presynaptic elements may
be necessary to ensure fast and reliable AP propaga-
tion, the absence of Na+ conductances could be bene-
ficial for limiting AP duration, as required for the precise
timing of transmitter release (R.M. Leão et al., 2004,
Soc. for Neurosci. abstract; Geiger and Jonas, 2000;
Sabatini and Regehr, 1999).
The hippocampal mossy fiber pathway, the major
connection from the dentate gyrus to the CA3 region,
appears to be an ideal system in which these questions
can be directly addressed (Henze et al., 2002; Bischof-
berger and Jonas, 2002). The mossy fiber is a thin, un-
myelinated axon, from which several large en passant
boutons (MFBs; 3–5 µm in diameter; average number,
14) emerge (Amaral et al., 1990; Chicurel and Harris,
1992). Additionally, filopodial extensions originate from
the large boutons (Acsády et al., 1998). The goals of
this study were (1) to test by direct recording whether
mossy fiber boutons have active properties, (2) to ex-
amine whether the gating of presynaptic Na+ channels
differs from that of somatic channels, and (3) to study
with computational approaches AP propagation in
mossy fiber axons, boutons, and filopodial extensions.
We find that mossy fiber boutons, in contrast to pre-
viously examined presynaptic terminals, have active
properties, expressing Na+ channels in high density.
Surprisingly, boutons act as sites of boosting of the AP
amplitude rather than failure of AP propagation.
Results
Hippocampal Mossy Fiber Boutons Have Active,
Axon-like Properties
To address whether presynaptic elements in cortical
circuits have active properties, we attempted to record
Na+ currents in outside-out patches isolated from hip-
pocampal MFBs (Figure 1). After block of voltage-gated
K+ channels and Ca2+ channels by a combination of
external TEA + 4-AP + Cd2+ and internal Cs+, test pulses
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406Figure 1. High Na+ Channel Density in Hippo-
campal Mossy Fiber Boutons
(A) Upper panel, ensemble of 10 consecutive
traces of Na+ currents recorded from an out-
side-out patch isolated from an MFB, super-
imposed with the mean current trace (red).
Lower panel, deviations of individual traces
from the mean. Pulse protocol: holding po-
tential, −80 mV, 50 ms prepulse to −120 mV,
and 30 ms test pulse to 0 mV.
(B) Histogram of Na+ peak current in presyn-
aptic patches (test pulse, 0 mV). Filled bar
indicates a subset of patches entirely lack-
ing voltage-dependent currents (presumably
vesicles). Data from 71 patches.
(C) Plot of ensemble variance against en-
semble mean for a total of 100 traces. Con-
tinuous curve is a parabolic function fitted to
the data points. Same patch as in (A).
(D) Histograms of estimated single-channel
current (top) and number of channels in the
patch (bottom), obtained by bootstrap analy-
sis for the experiment shown in (C) (see Ex-
perimental Procedures).
(E) Estimation of patch area based on direct
measurement of the capacitance of outside-
out patches. Light micrograph shows the ex-
perimental situation after insertion of patch
pipette tip into a Sylgard ball.
(F) Difference of capacitive currents before
and after insertion of the recording pipette
tip into a Sylgard ball. Holding potential, −50
mV, test pulse to −100 mV. Dashed line indi-
cates leakage current; gray area represents
the integral under the capacitive component.to 0 mV preceded by prepulses to −120 mV evoked c
mlarge transient inward currents in 50 of 71 patches iso-
lated from MFBs (Figure 1A). The peak amplitudes of m
dthe currents in individual patches ranged from 15.7–
241.8 pA, with a mean ± standard error of the mean of p
i85.9 ± 8.4 pA (Figure 1B).
To determine the total number of Na+ channels in a p
(patch, we analyzed the macroscopic Na+ currents by
nonstationary fluctuation analysis (Sigworth, 1980). The c
Sensemble variance was calculated from the fluctuation
of Na+ currents around the mean (Figure 1A), plotted h
Nagainst the ensemble mean, and fitted with a parabolic
function (Figure 1C). In five MFB patches, the mean sin-
gle-channel current i was 0.91 ± 0.09 pA, and the esti-
mated mean total channel number N was 173 ± 19. T
UAnalysis of confidence intervals by bootstrap analysis
confirmed that reliable parameter estimates could be A
aobtained in all experiments (Figure 1D). Nonstationary
fluctuation analysis also allowed us to determine the 1
Bmaximum open probability as Ipeak/(i N) = 0.529 ± 0.053
(n = 5). v
cTo obtain quantitative estimates of conductance den-
sity and channel density, we further determined the p
amembrane area of outside-out patches from their ca-
pacitance (Figures 1E and 1F; Sakmann and Neher, (
M1995). The capacitance of outside-out patches isolated
from MFBs was 43.8 ± 4.5 fF (n = 7), corresponding to a m
opatch area of 4.38 µm2, assuming a specific membraneapacitance of 1 µF cm−2. Using the mean values of
acroscopic peak current, single-channel current, and
easured patch area, we estimate a Na+ conductance
ensity of 49.0 mS cm−2 (range: 9–138 mS cm−2) and a
resynaptic Na+ channel density of 41 channels µm−2
n hippocampal MFBs. These density values are com-
arable to previous estimates in invertebrate axons
120 mS cm−2 in squid axons and 40 mS cm−2 in Myxi-
ola axons; Hodgkin and Huxley, 1952; Goldman and
chauf, 1973). Thus, presynaptic mossy fiber terminals
ave axon-like properties, expressing voltage-gated
a+ channels in very high density.
he Gating of Presynaptic Na+ Channels
nderstanding the role of presynaptic Na+ channels in
P conduction in mossy fibers requires a quantitative
nalysis of Na+ channel gating (Hodgkin and Huxley,
952; Bezanilla and Armstrong, 1977; Taddese and
ean, 2002). We therefore analyzed the kinetics and
oltage-dependence of gating (Figures 2 and 3). Na+
urrents in patches isolated from MFBs evoked by test
ulses to 0 mV were transient, with a fast sigmoidal
ctivation phase followed by a fast inactivation phase
Figures 1, 2A, and 2C). Inactivation of Na+ channels in
FBs was virtually complete; the steady-state current
easured 30 ms after the onset of the test pulse was
nly 0.90 ± 0.30% of the peak current (n = 9). Thus,
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(A) Traces of Na+ current recorded from an outside-out patch isolated from an MFB at various test pulse potentials. Pulse protocol: holding
potential, −80 mV, 50 ms prepulse to −120 mV, and 30 ms test pulse to potentials between −70 and +70 mV (10 mV increments).
(B) Activation curve. Conductance G was calculated from the Na+ peak current and the reversal potential (see inset in [A]), normalized to the
maximal value, and plotted against the test pulse potential (13 patches). Data were fitted with a Boltzmann function (continuous curve). The
inset shows the mean peak Na+ current-voltage (I-V) relation. Inverted bell-shaped curve (red) is the product of a Boltzmann function and a
linear relation fitted to the data points. Convex curve (green) represents a 2nd order polynomial function fitted to the data points for voltages
R10 mV.
(C) Steady-state inactivation induced by prepulses to different potentials. Pulse protocol: holding potential, −80 mV, 50 ms prepulse to
voltages between −120 and −30 mV (10 mV increments), and 30 ms test pulse to 0 mV.
(D) Steady-state inactivation (hN) curve. Na+ peak current amplitude, normalized to the maximal Na+ current, was plotted against the prepulse
potential (13 patches). Data were fitted with a Boltzmann function (continuous curve).the presynaptic Na+ channels in MFBs were rapidly and
completely inactivating.
The high channel density and the ideal voltage-clamp
conditions in the isolated patch allowed us to measure
the voltage-dependence and kinetics of gating with
high resolution. To determine the activation curve, a
major determinant of the threshold of AP initiation un-
der physiological conditions, we used a pulse paradigm
with test pulses ranging from −70 mV to +70 mV pre-
ceded by 50 ms prepulses to −120 mV. Activation
curves were obtained by converting peak currents into
peak conductances, normalizing them by the maximal
value reached at potentials R 0 mV, and plotting them
against test pulse potential (Figures 2A and 2B). To
measure the inactivation curve, a major determinant of
Na+ channel availability at varying resting potentials, we
used a pulse paradigm with test pulses to 0 mV, pre-
ceded by 50 ms prepulses ranging from −120 mV to−30 mV. Steady-state inactivation was quantified as the
ratio of peak currents at a given prepulse potential di-
vided by the maximal Na+ current (Figures 2C and 2D).
Both activation and inactivation curves showed a sig-
moidal shape and were fitted adequately by Boltzmann
functions (see Table 1). The mean midpoint potential of
the activation curve was −38.4 mV, and the slope factor
was 8.0 mV (n = 13), corresponding to the movement
of 3.2 elementary charges through the entire membrane
electric field.
We next analyzed the time course of activation and
inactivation of the presynaptic Na+ channels. The acti-
vation time constant was obtained by fitting the rise of
Na+ currents at test pulse potentials R−50 mV with an
exponential function with delayed onset (Figure 3A).
The inactivation time constant was measured by fitting
the decay of the Na+ currents with an exponential func-
tion. To determine the deactivation time constant, we
Neuron
408Figure 3. Na+ Channels in MFBs Activate and
Inactivate with Submillisecond Kinetics
(A) Time course of activation onset. The ris-
ing phase of the current was fitted with an
exponential function with delayed onset. The
corresponding fit curves are shown superim-
posed to the current traces. Time constants
(τm) = 132, 38, and 14 µs.
(B) Time course of inactivation onset. The
decay phase of the current was fitted with
an exponential function. Fit curves are
shown superimposed. Pulse protocol for A
and B: holding potential, −80 mV, 50 ms
pulse to −120 mV, and test pulse to −40 mV,
0 mV, and 40 mV. Time constants (τh) = 724,
221, and 146 µs. Same patch as in (A).
(C) Time course of deactivation. Pulse proto-
col: holding potential, −80 mV, 50 ms pulse
to −120 mV, 300 µs pulse to 0 mV, and 50 ms
test pulse to −110, −70, or −40 mV (see in-
set). The decay of the tail current at −110
and −70 mV was fitted monoexponentially,
whereas the decay at −40 mV was fitted
biexponentially. As the biexponential decay
presumably arises from the temporal overlap of deactivation and inactivation (Oxford, 1981), the time constant of the fast component was
taken as the deactivation time constant. The fit curves are shown superimposed. Time constants (τd) = 69, 161, and 190 µs.
(D) Plot of activation τm (open circles), deactivation τd (filled circles), and inactivation τh (filled squares) against membrane potential. Deactiva-
tion time constants between −30 and −50 mV were obtained as the fast time constant of a biexponential fit. Inactivation time constants τh
for somatic patches (open squares) are shown for comparison.ing conditions revealed that inactivation of presynaptic constants of recovery from inactivation were 13.5 ms at
Table 1. Gating Properties of Presynaptic Na+ Channels in MFBs
Activation Deactivation Inactivation Recovery from Inactivation
Midpoint Potential −38.4 ± 1.4 mV (n = 13; −89.2 ± 1.2 mV (n = 13;
Figure 2B) Figure 2D)
Slope Factor 8.0 ± 0.5 mV (n = 13; 6.4 ± 1.3 mV (n = 13;
Figure 2B) Figure 2D)
τ 264 ± 77 µs at −40 mV 170 ± 25 µs at −40 mV 0.95 ± 0.11 ms at −40 mV
(n = 9; Figure 3A) (n = 6; Figure 3C) (n = 13; Figure 3B)
τ 45 ± 29 µs at +40 mV 51 ± 9 µs at −110 mV 0.16 ± 0.03 ms at +40 mV
(n = 9; Figure 3A) (n = 6; Figure 3C) (n = 13; Figure 3B)
τ (prepulse, double 7.66 ms at −70 mV (n = 9; 4.70 ms at −120 mV
pulse) Figure 4B) (n = 10; Figure 4D)
αm βm αh βh
A 93.8285 ms−1 0.168396 ms−1 0.000354 ms−1 6.62694 ms−1
B −105.023 mV 17.6769 mV
C 17.7094 mV 23.2707 mV 18.706 mV 13.3097 mV
αm(V) = −A (V + B)/{Exp[−(V+B)/C] − 1}
βm(V) = A Exp[−V/C]
αh(V) = A Exp[−V/C]
βh(V) = A/{Exp[−(V+B)/C] + 1}applied 300 µs pulses to 0 mV followed by steps to N
tpotentials between −110 and −30 mV (Figure 3C), and
fitted the decay of the resulting Na+ tail current with u
exponential functions. Activation and deactivation time
constants plotted against voltage showed a bell- p
Nshaped relation, with a maximal value of 264 µs at −40
mV and minimal values of 45 µs at +40 mV (activation) t
sand 51 µs at −110 mV (deactivation; Figure 3D; Table
1). Likewise, the inactivation time constant was 0.95 ms t
dat −40 mV and decreased monotonically to 0.16 ms at
+40 mV (Figures 4B and 4D; Table 1). Thus, presynaptic c
wNa+ channels inactivated very rapidly. A comparison of
time constants of onset of inactivation in patches from t
mMFBs and granule cell somata under identical record-a+ channels was approximately two times faster than
hat of somatic Na+ channels in the same cell type (Fig-
re 3D; P < 0.002 for −30 mV).
The time course of inactivation in the subthreshold
otential range is an important factor that determines
a+ channel availability during repetitive activity. We
herefore measured the time course of inactivation on-
et in prepulse experiments (Figures 4A and 4B) and
he time course of recovery from inactivation with a
ouble-pulse paradigm (Figures 4C and 4D). The time
ourses of both onset and recovery from inactivation
ere adequately fitted with a single exponential func-
ion. The time constant of onset of inactivation was 7.7
s at −70 mV (n = 9; Figure 4B; Table 1), and the time
Presynaptic Na+ Channels in Mossy Fiber Boutons
409Figure 4. Na+ Channels in MFBs Show Fast
Inactivation Onset and Recovery in the Sub-
threshold Voltage Range
(A) Time course of onset of inactivation from
closed channel states. Pulse protocol: hold-
ing potential, −80 mV, 50 ms pulse to −120
mV, prepulse to −70 mV of variable duration,
and 30 ms test pulse to 0 mV. First trace
(left), Na+ current without prepulse.
(B) Na+ peak current amplitude, normalized
to a response evoked by a test pulse without
prepulse, was plotted against prepulse dura-
tion (9 patches). Curve represents exponen-
tial function fitted to the data points. The
time constant was 7.66 ms.
(C) Time course of recovery from inactiva-
tion. Pulse protocol: holding potential, −80
mV, 50 ms pulse to −120 mV, 30 ms pulse to
0 mV (conditioning pulse), pulse of variable
duration to −120 mV, 30 ms pulse to 0 mV
(test pulse), and step back to −80 mV. Re-
sponses to the conditioning pulse (left); re-
sponses to the test pulse (right).
(D) Ratio of peak amplitude of the Na+ cur-
rent evoked by the test pulse to that evoked
by the conditioning pulse, plotted against
the duration of the interpulse interval (10
patches). Filled circles, presynaptic patches;
open squares, somatic patches. Data for
presynaptic patches were fitted with a single exponential (red, time constant 4.70 ms). Data for somatic patches were fitted with the sum of
two exponentials (green, time constants 4.05 ms [amplitude 0.8] and 64.5 ms [amplitude 0.2]; 7 patches).−90 mV (n = 4) and 4.70 ms at −120 mV (n = 10; Figure
4D; Table 1). Recovery from inactivation was complete
within ~10 ms at −120 mV. Thus, presynaptic Na+ chan-
nels recovered from inactivation very rapidly. In con-
trast, Na+ channels in granule cell somata under iden-
tical recording conditions showed a prominent slow
component of recovery from inactivation (Figure 4D; P
< 0.05 for 20 ms; Colbert et al., 1997; Jung et al., 1997;
Martina and Jonas, 1997).
Na+ Channels in MFBs Boost Presynaptic AP
Amplitude and Ca2+ Inflow
To examine the contribution of active boutons to AP
propagation in mossy fibers, we described the gating
of Na+ channels in MFBs by a Hodgkin-Huxley (HH)-
type model. Figure 5 shows a summary of the total ex-
perimental data set, comprised of activation curve, ac-
tivation and deactivation time constants, inactivation
curve, inactivation time constant, and time constant of
recovery from inactivation. The curves superimposed
on the data show the prediction of the reparameterized
HH model (see Table 1 for parameter values), illustrat-
ing that the model described the experimental observa-
tions adequately.
Next, we simulated AP conduction in a reduced but
realistic axon-multibouton morphology comprised of a
soma, 10 axonal segments of 100 µm length (surface
area 63 µm2), and 10 en passant boutons of 4 µm diam-
eter (surface area 50 µm2; Amaral et al., 1990; Figure 6).
Na+ channels represented by the experimentally con-
strained HH model were inserted in different densities
(the voltage dependence of both activation and inacti-
vation was shifted by +12 mV to account for differences
in the Donnan potential between whole-cell and iso-lated patch configuration; Fenwick et al., 1982; Marty
and Neher, 1995). Figures 6A and 6B show plots of sim-
ulated voltage against time in the soma and all ten bou-
tons, following the application of a depolarizing current
stimulus at the soma.
We tested the hypothesis that MFBs are critical sites
where AP propagation may fail (Lüscher and Shiner,
1990a, 1990b). Four scenarios were simulated: (1) a
configuration in which both axon and boutons were en-
dowed with a high Na+ conductance (gNa,bouton =
gNa,axon = 50 mS cm−2); (2) a similar scenario, but with
passive boutons (gNa,bouton = 0, gNa,axon = 50 mS cm−2);
(3) a configuration in which axon and boutons were en-
dowed with a reduced Na+ conductance (gNa,bouton =
gNa,axon = 15 mS cm−2); and (4) a similar scenario, but
with passive boutons (gNa,bouton = 0, gNa,axon = 15 mS
cm−2). In the first scenario, the AP evoked by a single
stimulus propagated reliably and with large amplitude
(Figure 6A, left panel), consistent with reliable anti-
dromic propagation of APs in mossy fiber axons ob-
served experimentally (Schmitz et al., 2000; Ruiz et al.,
2003). In the second situation, the reliability and con-
duction time were maintained, but the amplitude of the
presynaptic AP was reduced substantially (Figure 6A,
right panel). In the third scenario, the AP propagated
reliably, but both AP amplitude and conduction velocity
were reduced (Figure 6B, left panel). Finally, in the
fourth scenario, AP propagation failed entirely (Figure
6B, right panel). Similar results were obtained with a 50
Hz train of 20 stimuli (Figures 6C and 6D).
Analysis of AP properties for a wide range of bouton
and axon Na+ conductances revealed that the ampli-
tude of the presynaptic AP and the probability of suc-
cessful propagation were controlled differentially (Fig-
ures 6E and 6F). The presynaptic Na+ conductance
Neuron
410Figure 5. Modeling Presynaptic Na+ Channel Gating with Hodgkin-Huxley Models of Activation and Inactivation
(A) Peak activation curve. (B) Steady-state inactivation (hN) curve. Curves show prediction of HH model (red) and Boltzmann function fitted
to the data points (blue). (C) Activation (open circles) and deactivation (filled circles) time constants. (D) Time constants of onset of inactivation
from open state (open circles), inactivation from closed states measured by prepulse experiments (filled circles), and recovery from inactiva-
tion (open squares). Curves show prediction of the optimized HH model (red). (E and F) Voltage-dependence of α and β of activation (E) and
inactivation (F) of the optimized HH model. The best fit values of the rates are specified in Table 1.density mainly determined the amplitude of the presyn-
taptic AP, boosting it by 40 mV on average (Figures 6E
and 6F). In contrast, the axonal Na+ conductance den- i
gsity primarily influenced the reliability of propagation
(Figures 6E and 6F). If the axon only, but not the bou- s
itons, had active properties, an axonal conductance of
20 mS cm−2 was sufficient to ensure successful propa- t
rgation. However, if only the boutons were active, a con-
ductance of 80 mS cm−2 was necessary. Thus, presyn- (
vaptic and axonal Na+ conductances have differential
effects on AP propagation in mossy fiber axons. Pre- b
gsynaptic Na+ channels boost the AP amplitude, whereas
axonal Na+ channels primarily determine the reliability r
bof propagation.
We also tested the hypothesis that Na+ channels in 7
tboutons are essential for the timing of signaling in the
mossy fiber pathway, and we examined the conduction a
ftime and the half-duration of the presynaptic AP for a
wide range of bouton and axon Na+ conductances (Fig-
bures 7A and 7B). Increases in both bouton and axon
Na+ conductance density resulted in a decrease in con- m
rduction time. However, changes in conductance were
less effective in the bouton than in the axonal compart- p
cment (Figure 7A). Likewise, increases in both bouton
and axon Na+ conductance density resulted in a s
Mdecrease of the half-duration of the presynaptic AP,
with gNa,bouton being slightly more effective than gNa,axon p
p(Figure 7B). Thus, active properties of boutons contrib-
ute to the speed of AP propagation and, unexpectedly, 0
wto the short duration of the presynaptic AP.The amplitude and shape of the presynaptic AP de-
ermines the amount of presynaptic Ca2+ inflow, which
n turn controls the amount of transmitter release (Gei-
er and Jonas, 2000; Bischofberger et al., 2002). This
uggests that active boutons may contribute to boost-
ng of synaptic strength at mossy fiber synapses. To
est this possibility, we simulated presynaptic Ca2+ cur-
ents evoked by the various presynaptic AP waveforms
Figure 7C), using a gating model of presynaptic high-
oltage-activated Ca2+ channels in MFBs (Bischof-
erger et al., 2002). For active boutons (gNa,bouton =
Na,axon = 50 mS cm−2), the presynaptic peak Ca2+ cur-
ent was 2.8-fold larger than in a scenario with passive
outons (gNa,bouton = 0; gNa,axon = 50 mS cm−2; Figure
C). Analysis of AP amplitude for a wide range of bou-
on and axon Na+ conductances revealed that presyn-
ptic Na+ channels typically boost presynaptic Ca2+ in-
low by a factor of ~2 (Figure 7C, inset).
Filopodial extensions, which emerge from the large
outon and form synapses on interneurons, are a hall-
ark of mossy fiber terminals (Acsády et al., 1998; Law-
ence and McBain, 2003). The excitability of these filo-
odia is unknown. We simulated presynaptic Ca2+
urrents at the end of the filopodia in three different
cenarios (Figure 7D): (1) a configuration in which both
FBs and filopodia were active (gNa,bouton = gNa,filo-
odia = 50 mS cm−2), (2) a situation with active MFBs but
assive filopodia (gNa,bouton = 50 mS cm−2, gNa,filopodia =
), and (3) a scenario in which both MFBs and filopodia
ere passive (g = g = 0). The amplitudeNa,bouton Na,filopodia
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(A and B) Simulation of orthodromic propagation of single APs in an axon-multibouton structure. Traces shown are APs in the soma (left) and
the ten presynaptic terminals of the simulated structure. Conductance density gNa,axon = gNa,bouton = 50 mS cm−2 ([A], left); gNa,axon = 50 mS
cm−2, gNa,bouton = 0 ([A], right); gNa,axon = gNa,bouton = 15 mS cm−2 ([B], left); gNa,axon = 15 mS cm−2, gNa,bouton = 0 ([B], right). Note that the AP
is reliably propagated in all scenarios except the one with low gNa,axon and passive boutons, where propagation fails around the first bouton.
Also note that the AP amplitude in the tenth bouton is slightly larger than in boutons 1–9, presumably due to reflection at the sealed end. (C
and D) Simulation of propagation of a 50 Hz train of 20 APs in the same structure. Traces are APs in the soma (black) and the fifth bouton
(red). Conductance density gNa,axon = gNa,bouton = 50 mS cm−2 ([C], left); gNa,axon = 50 mS cm−2, gNa,bouton = 0 ([C], right); gNa,axon = 15 mS cm−2,
gNa,bouton = 50 mS cm−2 ([D], left); gNa,axon = 15 mS cm−2, gNa,bouton = 0 ([D], right). Note the slight prolongation in conduction time from the
1st to the 20th AP in the train in C, left, which is further accentuated in the case of passive boutons ([C], right) and with reduced gNa,axon. (E
and F) Plot of AP amplitude at the fifth bouton (single somatic stimulus) measured from baseline against gNa,bouton for different values of
gNa,axon (ranging from 0 to 120 mS cm−2). The graph in (F) shows the same data plotted three-dimensionally against both gNa, bouton (front
axis) and gNa,axon (right axis). Note that gNa,bouton determines the AP amplitude in the bouton (active boutons boost the AP by 40 mV in
comparison to passive boutons), whereas gNa,axon has markedly smaller effects. APs were evoked by 200 pA, 2 ms current pulses at the
soma. gNa,soma = 10 mS cm−2 in all simulations.of ICa was large in the first, intermediate in the second,
and very small in the third scenario (Figure 7D). Thus,
active properties of boutons and/or filopodial exten-
sions appear to be absolutely necessary to trigger glu-
tamate release at mossy fiber-interneuron synapses
(Lawrence and McBain, 2003).
Discussion
Our results reveal several unexpected properties of hip-
pocampal mossy fiber terminals. First, direct recording
showed that mossy fiber boutons express Na+ chan-
nels in high density, in contrast to other presynaptic
elements examined to date. Second, Na+ channels in
MFBs show rapid inactivation onset and recovery, sug-
gesting functional specialization of presynaptic versus
somatodendritic channels. Finally, computational analysisrevealed that presynaptic Na+ channels amplify the am-
plitude of the presynaptic AP, and thereby boost the
presynaptic Ca2+ inflow required for transmitter release.
Thus presynaptic voltage-gated Na+ channels are in-
volved in the control of synaptic transmission.
Axon-like Properties of a Cortical
Presynaptic Element
Based on recording of macroscopic Na+ currents in
outside-out patches, we estimate a Na+ conductance
density of 49 mS cm−2 (or 490 pS µm−2) and a Na+ chan-
nel density of 41 channels µm−2 in hippocampal mossy
fiber boutons (Figure 1). Assuming that the diameter of
a typical bouton is 4 µm (Chicurel and Harris, 1992;
Acsády et al., 1998; Geiger and Jonas, 2000), these val-
ues correspond to a total conductance of 24.6 nS and
a total number of ~2000 channels per bouton. The pre-
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412Figure 7. Na+ Channels in Boutons Influence the Timing of Signaling and Boost Presynaptic Ca2+ Inflow
(A) Plot of conduction time against gNa,bouton for various values of gNa,axon (0–120 mS cm−2). Conduction time was measured as the time
interval between the peaks of APs in the soma and the fifth bouton, which are spatially separated by 500 µm. (B) Plot of half-duration of AP
in the fifth bouton against gNa,bouton for various values of gNa,axon (ranging from 0 to 120 mS cm−2). (C) Simulation of presynaptic Ca2+ inflow.
APs at the fifth bouton (black) and corresponding Ca2+ current (red) for active boutons (larger APs and currents) and passive boutons (smaller
APs and currents). Note that active boutons increase the amplitude of the presynaptic Ca2+ current by a factor ~2. Insets in (A)–(C) show a
3-D plot of conduction time, half-duration, and Ca2+ peak current against both gNa,bouton (front axis) and gNa,axon (right axis). (D) AP shape and
Ca2+ inflow in filopodial extensions. Presynaptic APs and Ca2+ current in the fifth large bouton and in a small terminal bouton of an attached
filopodial extension (length, 30 µm). Active boutons and filopodia (gNa,bouton = gNa,filopodium = 50 mS cm−2; largest trace), active boutons and
passive filopodia (gNa,bouton = 50 mS cm−2, gNa,filopodium = 0; intermediate trace), passive boutons and filopodia (gNa,bouton = gNa,filopodium = 0;
smallest trace). Note the substantially different Ca2+ inflow in the three configurations. Inset schematically depicts the anatomy of MFBs
based on serial electron microscopy (from Acsády et al., 1998, with permission from the Society for Neuroscience, Copyright 1998). To
facilitate comparison of time courses of Ca2+ currents in different conditions, voltage and corresponding ICa traces in (C) and (D) were shifted
in time to align the peaks of the APs. mt, mossy fiber terminal.synaptic Na+ conductance density in MFBs is compa- c
crable to that in nonmyelinated invertebrate axons, as
reported previously (120 mS cm−2 in squid axons and S
c40 mS cm−2 in Myxicola axons; Hodgkin and Huxley,
1952; Goldman and Schauf, 1973). Furthermore, the a
µpresynaptic Na+ channel density in MFBs is in the same
range as the density of saxitoxin and tetrodotoxin bind- s
ring sites in nonmyelinated vertebrate axons (2–200
µm−2; Waxman, 1995). Thus, MFBs have highly active o
pproperties, comparable to those of peripheral nonmy-
elinated axons. o
In contrast, the Na+ conductance density in MFBs is
markedly higher than that in axon initial segments of G
osubicular neurons (Colbert and Johnston, 1996). In this
subcellular structure, a current density of 3 pA µm−2 A
iwas reported, corresponding to a conductance density
of ~70 pS µm−2 (after correction for open probability d
cand Na+ current reversal potential; Colbert and John-
ston, 1996). The Na+ conductance density in MFBs is s
halso substantially higher than that in dendrites of neo-ortical layer 5 pyramidal neurons (80 pS µm−2, after
orrection for maximum open probability; Stuart and
akmann, 1994; Häusser et al., 2000), olfactory mitral
ells (170 pS µm−2; Bischofberger and Jonas, 1997),
nd hippocampal oriens-alveus interneurons (210 pS
m−2; Martina et al., 2000). Thus, the present results
uggest that the axon and the presynaptic terminals
epresent the most excitable subcellular compartments
f a neuron. This is consistent with the view that the
referential site of AP initiation is located downstream
f the axon initial segment (Colbert and Johnston, 1996).
ating Properties and Possible Molecular Identity
f the Presynaptic Na+ Channel
re the gating properties of presynaptic Na+ channels
n MFBs specialized to generate rapid and reliable con-
uction in mossy fiber axons? In comparison to Na+
hannels in other cells or subcellular compartments,
everal similarities are apparent, including fast and
ighly voltage-dependent activation, high maximum
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413open probability (0.53 at 0 mV, this paper; 0.59 at −5
mV, Sigworth, 1980), and relatively small single-channel
conductance (12 pS calculated from single-channel
current, Figure 1C, and reversal potential, Figure 2B,
inset; Fenwick et al., 1982; Hille, 2001). Thus, the basic
mechanisms of voltage-dependent activation and ion
permeation of Na+ channels are conserved.
However, our results suggest that the presynaptic
Na+ channels have specialized inactivation properties.
We found that the time constant of onset of inactivation
of the presynaptic Na+ channels was in the submillisec-
ond range (240 µs at 0 mV), and the time constant of
recovery from inactivation was 4.7 ms at −120 mV (Fig-
ure 4). In contrast, Na+ channels in somata and den-
drites of hippocampal principal neurons show an onset
of inactivation that is approximately two times slower,
and they have a prominent slow component in the re-
covery from inactivation (100 ms at −120 mV; Martina
and Jonas, 1997; Colbert et al., 1997; Jung et al., 1997;
Ellerkmann et al., 2001). As the time course of recovery
of Na+ channels from inactivation sets the duration of
the refractory period, the fast recovery in MFBs ensures
reliable AP propagation in mossy fiber axons during re-
petitive activity.
What is the molecular identity of the presynaptic Na+
channel in MFBs? In situ hybridization analysis showed
that Nav1.2 and Nav1.6 subunit mRNAs are highly ex-
pressed in granule cells, whereas other Nav α subunit
mRNAs are largely absent (Felts et al., 1997; Schaller
and Caldwell, 2000). Furthermore, β2 and β3 subunits
are abundantly expressed in granule cells, whereas
other β subunits are barely detectable (Morgan et al.,
2000; Yu et al., 2003). Immunocytochemical analysis re-
vealed abundant Nav1.2 immunoreactivity in the mossy
fiber tract (Westenbroek et al., 1989; Gong et al., 1999).
Nav1.6 immunoreactivity in this region has not been ex-
amined yet, but Nav1.2 and Nav1.6 are frequently colo-
calized in nonmyelinated axons throughout the central
nervous system (Caldwell et al., 2000). Thus, it is likely
that the presynaptic Na+ channels in MFBs are formed
by a mosaic of Nav1.2 α/β and Nav1.6 α/β heteromers.
The fast recovery from inactivation of recombinantly
expressed Nav1.2 α/β and Nav1.6 α/β channels further
supports this view (Smith et al., 1998).
The Presynaptic AP at En Passant
versus Terminal Boutons
Can we extrapolate from the active properties of MFBs
to other axons and synapses? In the hippocampus,
cortex, and cerebellum, the majority of boutons show
en passant structure, suggesting that the mechanisms
of AP conduction may be similar to those in the mossy
fiber pathway. Consistent with this hypothesis, Ca2+
transients in en passant boutons of neocortical pyrami-
dal cells are evoked reliably by somatic stimuli (Cox et
al., 2000; Koester and Sakmann, 2000). Likewise, in the
neurohypophysis, several large hormone-releasing
varicosities emerge from parent axons in an en passant
manner. As in the MFBs, these varicosities are en-
dowed with voltage-gated Na+ channels (Jackson and
Zhang, 1995).
In contrast, the structural and functional mechanisms
of AP propagation appear to be very different for thetwo most extensively studied synapses, the neuromus-
cular junction (NMJ) and the calyx of Held in the brain-
stem. In the NMJ, voltage-gated Na+ channels are con-
centrated at preterminal heminodes adjacent to the
synaptic region (Hille, 2001). In the presynaptic ter-
minal, K+ channels predominate, whereas Na+ channels
are absent (lizard: Lindgren and Moore, 1989; mouse:
Brigant and Mallart, 1982; Dreyer and Penner, 1987).
Likewise, in the calyx of Held in the medial nucleus of
the trapezoid body (von Gersdorff and Borst, 2002), Na+
channel are clustered near the heminode and are ab-
sent from the presynaptic terminal (R.M. Leão et al.,
2004, Soc. Neurosci., abstract). Thus in both NMJ and
the calyx of Held, invasion of the AP is passive, in con-
trast to the MFB.
Functional Significance of Active Boutons: Strength,
Reliability, and Timing of Synaptic Transmission
Although voltage-gated Na+ channels are widely asso-
ciated with action potential initiation and propagation,
our computational analysis, based on a reduced axon-
multibouton model of morphology and an experimen-
tally constrained model of voltage-gated Na+ channel
gating, indicates that the presence of Na+ channels in
MFBs has several unexpected consequences for syn-
aptic transmission.
First, the major function of Na+ channels in MFBs ap-
pears to be the amplification of AP amplitude at the
presynaptic sites. Active boutons boost the presynap-
tic AP by ~40 mV in comparison to passive boutons.
Because of the high activation threshold of presynaptic
Ca2+ channels (Bischofberger et al., 2002), this amplifi-
cation translates into an ~2-fold increase in presynaptic
Ca2+ inflow (Figure 7C). As exocytosis is triggered by
cooperative binding of 4–5 Ca2+ ions to the Ca2+ sensor
(Schneggenburger and Neher, 2000), the amount of
transmitter release could be increased up to ~24 (16-
fold). Na+ channels in MFBs, together with expression
of high-threshold Ca2+ channels and the cooperativity
of the Ca2+ sensor of exocytosis, will boost AP-evoked
transmitter release and thus maximize the “signal-to-
noise ratio” of synaptic transmission.
Second, Na+ channels in MFBs influence the reliabil-
ity and velocity of AP propagation (Figure 7A). However,
presynaptic Na+ channels are generally less important
than axonal Na+ channels.
Third, unexpectedly, Na+ channels in MFBs help to
limit the duration of the presynaptic AP (Figure 7B). In-
tuitively, presynaptic Na+ channels, via a boosting of
AP amplitude, enhance the activation of presynaptic K+
channels (Geiger and Jonas, 2000). Both rapid inactiva-
tion of presynaptic Na+ channels and fast activation of
presynaptic K+ channels will increase the rate of repo-
larization, contributing to the brief time course of the
AP. This situation is different from that at the calyx of
Held, where the absence of Na+ channels in the presyn-
aptic terminal is required to maintain the brief duration
of the presynaptic AP (R.M. Leão et al., 2004, Soc. Neu-
rosci., abstract). Different structural properties (en pas-
sant versus terminal bouton) may explain the very dif-
ferent effects of Na+ channels at the two types of
synapses.
Fourth, presynaptic Na+ channels appear to be
Neuron
414essential for the efficient charging of filopodial exten- a
asions, which form synapses on GABAergic interneurons
in the stratum lucidum (Acsády et al., 1998; Lawrence and
EMcBain, 2003). In the case of active filopodia, AP reflec-
tions at the sealed end can increase the local AP ampli- P
tude beyond that in the main bouton. This may explain T
the high release probability at filopodial extension- 2
tinterneuron synapses (Lawrence and McBain, 2003;
iLawrence et al., 2004).
w
a
i
Information Processing in the Mossy Fiber Axon? 2
High basal synaptic strength and the capability to un- w
odergo ~10-fold changes in synaptic strength are hall-
gmarks of the hippocampal mossy fiber synapse (Salin
M
et al., 1996; Henze et al., 2002; Lawrence and McBain,
2003). Although facilitation, posttetanic potentiation, m
and long-term potentiation are expressed presynapti- c
Ncally at this synapse (Salin et al., 1996), the molecular
Htargets have not been identified. Na+ channels in MFBs
5will help to establish a high basal synaptic efficacy by
c
boosting the amplitude of the presynaptic AP. Whether a
presynaptic Na+ channels are also involved in the regu- i
Glation of synaptic strength is less clear. Nonmyelinated
laxons hyperpolarize in response to tetanic stimulation,
fpresumably due to the activation of electrogenic Na+/
a
K+ pumps or Ca2+-activated K+ channels (Ritchie and u
Straub, 1957). This could promote recovery of presyn- m
faptic Na+ channels from inactivation and thus lead to
4activity-dependent boosting of the presynaptic AP. In
1contrast, Na+ channel phosphorylation via PKA or PKC
C
(Carr et al., 2003) or retrieval of presynaptic Na+ chan- (
nels by endocytosis via Ca2+-dependent interactions o
with synaptotagmin (Sampo et al., 2000) could reduce a
tthe number of presynaptic Na+ channels and, thus, may
areduce the amplitude of the presynaptic AP.
lThe contribution of Na+ channels in MFBs to presyn-
c
aptic AP amplitude, reliability of propagation, and pre- w
cise spike timing is likely to be critically important for a
lthe storage of episodic memory in the hippocampus
w(Lisman, 1999). It has been proposed that the CA3 re-
cgion is an autoassociative network, in which the deto-
nator function of the mossy fiber synapse drives the 1
induction of spike timing-dependent plasticity in CA3- i
iCA3 synapses (Lisman, 1999; Kobayashi and Poo,
m2004). Furthermore, it has been suggested that the den-
wtate gyrus may be a heteroassociative network. To link
f
two consecutive items by spike timing-dependent plas- i
ticity at perforant path-granule cell synapses, the ac- s
tion potentials encoding the two items must be sepa- a
mrated in time by the spacing of two γ cycles (20 ms;
µJensen and Lisman, 1996). This would require a poly-
csynaptic connection among granule cells, e.g., by the t
pathway granule cell / CA3 pyramidal neuron / r
mossy cell / granule cell, which plays back the APs
Din the granule cells encoding a first item to the granule
Tcells encoding the second item in a sequence. For effi-
1cient induction of spike timing-dependent plasticity,
V
long delays, but also high reliability and temporal c
precision of conduction, would be necessary. The p
bmossy fiber axon with the linear array of active boutonsppears to be an ideal design to implement such a reli-
ble delay line for heteroassociative memory.
xperimental Procedures
resynaptic Recording
ransverse 250 m thick slices were cut from the hippocampus of
0 to 24-day-old Wistar rats, primarily with a custom-built vibra-
ome (Geiger et al., 2002). The animals were killed by decapitation,
n accordance with national and institutional guidelines. Slices
ere kept at 35°C for 30 min after slicing and then at room temper-
ture. For the dissection and storage of slices, a solution contain-
ng 87 mM NaCl, 25 mM NaHCO3, 10 mM glucose, 75 mM sucrose,
.5 mM KCl, 1.25 mM NaH2PO4, 0.5 mM CaCl2, and 7 mM MgCl2
as used. For experiments, the slices were superfused with physi-
logical saline containing 125 mM NaCl, 25 mM NaHCO3, 25 mM
lucose, 2.5 mM KCl, 1.25 mM NaH2PO4, 2 mM CaCl2, and 1 mM
gCl2 (equilibrated with 95% O2/5% CO2 gas mixture).
Patch pipettes were pulled from borosilicate glass tubing (2.0
m outer diameter, 0.5 mm wall thickness) and filled with a solution
ontaining 145 mM CsCl, 2 mM MgCl2, 2 mM Na2ATP, 0.5 mM
a2GTP, 5 mM Na2-phosphocreatine, 10 mM EGTA, and 10 mM
EPES (pH adjusted to 7.3 with CsOH); pipette resistance was
–12 M. Mossy fiber boutons in stratum lucidum of the hippo-
ampal CA3 region (mainly CA3b) were identified by their small di-
meter (3–4 µm), the small capacitance (0.8–2 pF whole-cell capac-
tance readout of the amplifier), and the high input resistance (>1
; Geiger and Jonas, 2000). All recordings were made from iso-
ated outside-out patches. As outside-out patches were obtained
rom the center of visualized MFBs and had much smaller surface
reas (4 µm2, Figures 1E and 1F) than whole boutons (50 µm2), it is
nlikely that the patches contained a significant amount of axonal
embrane. Currents were recorded with an Axopatch 200A ampli-
ier (Axon Instruments, Foster City, CA), filtered at 10 kHz (internal
-pole low-pass Bessel filter), and sampled at 40 kHz using a CED
401plus or 1401power interface (Cambridge Electronic Design,
ambridge, UK). Pulse sequences were generated using FPulse
home-made) running under Igor (version 5.01; Lake Oswego, OR)
n a personal computer, and filtered with a 2.5 µs RC filter at the
mplifier input. To isolate Na+ currents pharmacologically, 20 mM
etraethylammonium chloride (TEA), 3 mM 4-aminopyridine (4-AP),
nd 100 µM CdCl2 were added to the bath solution. Capacitive and
eakage currents were subtracted using the pipette capacitance
ompensation circuit of the amplifier and a P/−4 method. Patches
ere held at −80 mV throughout the experiment. For comparison,
subset of recordings was made from outside-out patches iso-
ated from granule cell somata (Figures 3D and 4D). Chemicals
ere obtained from Sigma, Merck, Riedel-de Haën, or Gerbu. Re-
ordings were made at 23 ± 2°C.
Capacitive transients from outside-out patches (Figures 1E and
F) were recorded before and after pushing the pipette tip ~10 µm
nto an insulating ball (1 mm diameter) of Sylgard 184 (Dow Corn-
ng, Midland, MI; Sakmann and Neher, 1995). Care was taken to
aintain the immersion depth of the pipette. Test pulse amplitude
as 50 mV, the filter frequency was 10–50 kHz, and the sampling
requency was 40–100 kHz. Average traces from 100 single sweeps
n the two conditions were subtracted, and the area under the tran-
ient component was obtained by integration over the initial 100 µs
fter leakage current subtraction. Capacitance was converted into
embrane area assuming a specific membrane capacitance of 1
F cm−2. Estimates of patch area based on direct capacitance re-
ording under our experimental conditions were approximately two
imes larger than values obtained in Sakmann and Neher (1995;
egression line in their Figure 8).
ata Analysis
he maximal Na+ conductance (gNa “bar”; Hodgkin and Huxley,
952; Goldman and Schauf, 1973) was determined as Ipeak/[(V −
Na) × popen × A], where Ipeak is the peak current, VNa is the Na+
urrent reversal potential (75.6 mV), popen is the maximum open
robability, and A is the estimated patch area. As the membrane
roken by the suction pulse resealed frequently, empty patches
Presynaptic Na+ Channels in Mossy Fiber Boutons
415were possibly vesicles, and were therefore not considered in the
calculation of gNa. For kinetic analysis, current traces were left-
shifted with respect to the pulse protocol by 32.9 µs to account for
the delay introduced by 10 kHz low-pass filtering. The time course
of Na+ channel activation was fitted with an exponential function
with delayed onset I(t) = I0 (1− exp[−(t − δ)/τa]) for t R δ and 0 for
t < 0, where I0 is the amplitude, τa the activation time constant, and
δ the delay. The time course of deactivation was fitted with either
a single exponential or the sum of two exponentials (V R −50 mV);
in the biexponential fit, the fast decay time constant was taken
as the deactivation time constant (Oxford, 1981). Activation and
inactivation data of each patch were fitted with a Boltzmann func-
tion of the form f(V) = [1 + exp[(Vmid−V)/k]]− 1, where Vmid is the
midpoint potential and k is the slope factor. Values of Vmid and k
given in the text are means of results from individual experiments.
For nonstationary fluctuation analysis (Sigworth, 1980), 60–100
Na+ current traces were analyzed. To minimize errors due to run-
down, the entire data set was divided into nonoverlapping subsets
of ten traces. Mean ensemble current and ensemble variance ver-
sus time were determined for each subset and averaged. Variance-
mean data were fitted with a parabolic function σ2(I) = iI − I2/N +
σ20, where σ2 is variance, I is the mean current, i is the single-
channel current, N is the number of available channels in the patch,
and σ20 is the variance of the baseline noise (Sigworth, 1980). Con-
fidence intervals of i and N were obtained by bootstrap procedures.
One hundred artificial data sets were generated by random permu-
tation of elements in adjacent subsets and analyzed as the original
data set. Errors were then estimated from percentile intervals (Efron
and Tibshirani, 1998).
Curve fitting was performed using Stimfit (home-made) or Mathe-
matica 4.1.2 (Wolfram Research, Champaign, IL). Membrane poten-
tials are given without correction for liquid junction potentials. The
values given in the text and the symbols and error bars in the fig-
ures indicate mean ± SEM. Differences between presynaptic and
somatic patches were tested for statistical significance using a
two-sided Student’s t test at the significance level (P) indicated.
Modeling of Na+ Channel Gating and AP Propagation
in Axon-Multibouton Structures
As inaccuracies in Na+ channel gating models markedly affect the
properties of AP shape and conduction in simulations (Sangrey et
al., 2004), a gating model for the MFB Na+ channel was developed.
The total data set comprised of activation curve, steady-state inac-
tivation curve, activation time constant, deactivation time constant,
onset of inactivation, and recovery from inactivation was fitted with
a Hodgkin-Huxley model (HH model) (Hodgkin and Huxley, 1952).
For fitting inactivation, steady-state inactivation and time constants
were calculated as hN = αh/(αh + βh) and τh = 1/(αh + βh), respec-
tively, and directly compared against the measured values of hN
and τh. For fitting voltage dependence of activation, steady-state
activation and time constants were calculated as mN = αm/(αm +
βm) and τm = 1/(αm + βm), and mN3 was compared against the mea-
sured activation curve. For fitting the time constants of activation,
Na+ currents were simulated as m(t)3, with m(t) = mN − (mN − m0)
exp(-t/τm). Simulated currents were fitted with exponential func-
tions, and activation and deactivation time constants obtained
from the fit were compared to the measured data. The sum of
squares of differences between experimental observations and
model predictions was minimized using FindMinimum of Mathe-
matica. Weight factors were set to the inverse of the maximum
value in the data set for kinetic data and to 3 × the inverse of the
maximum value for activation and inactivation curves.
Simulations were performed using NEURON 5.6 for Windows
(Hines and Carnevale, 1997). The passive electrical properties of
the axon-multibouton structure were assumed to be uniform, with
a specific membrane capacitance Cm of 1 µF cm−2, a specific mem-
brane resistance Rm of 10,000  cm2, and an intracellular resistivity
Ri of 110  cm (Hallermann et al., 2003). The structure of the mossy
fiber axon-multibouton structure was approximated by a soma (di-
ameter, 10 µm), 10 axonal cylinders (diameter, 0.2 µm; length, 100
µm), and ten en passant boutons (diameter, 4 µm) placed between
adjacent axonal segments. Thus, axonal segments and boutonshad comparable surface areas (63 µm2 for each axonal segment,
50 µm2 for each bouton). In a subset of simulations (Figure 7E),
filopodial extensions with a small terminal bouton (filopodium di-
ameter, 0.1 µm, and length, 30 µm; bouton diameter, 1 µm; Acsády
et al., 1998) were added to each large bouton. For axons and filo-
podia, the number of segments was 1 µm−1. For soma and boutons,
the number of segments was 1 and 10, respectively. The time step
was 5 µs in all simulations. The resting potential was assumed as
−80 mV, consistent with the values of resting potentials in MFB
recordings in which seal resistance >> input resistance (Geiger and
Jonas, 2000). The reversal potential of the leak conductance was
set to −81 mV to maintain stability. Voltage-gated Na+ channels, K+
channels, and leak channels were inserted into soma, axon, and
boutons as indicated. The somatic Na+ conductance density was
set to 10 mS cm−2 (20% of the standard axoboutonal conductance
density) throughout. APs were evoked by injection of depolarizing
current into the soma (2 ms, 0.2 nA). Na+ channels were imple-
mented as the HH model obtained by fitting our experimental data
(Figure 5). The voltage dependence of both activation and inactiva-
tion was shifted by 12 mV toward positive potentials to account for
differences in the Donnan potential between whole-cell and iso-
lated patch configuration (Fenwick et al., 1982; Marty and Neher,
1995).
K+ channels were implemented as a HH K+ channel model, with
α(V) = 0.01 ms−1 − (V + 55 mV)/(exp[− (V + 55 mV)/10 mV] − 1) and
β(V) = 0.125 ms−1 exp[− (V + 65 mV)/80 mV] (Hodgkin and Huxley,
1952), which provides a relatively accurate description of the volt-
age-dependence of activation of K+ channels in MFBs (at 34°C;
Geiger and Jonas, 2000). The K+ channel conductance density was
set to 36 mS cm−2 throughout. In the experiments in which trains
of high-frequency stimuli were applied (Figures 6C and 6D), K+
channel inactivation was implemented multiplicatively; the gating
parameters were based on published inactivation properties of re-
combinant Kv1.4 channels with α(V) = 0.0000256077 ms−1 exp[−V/
45.4217 mV] and β(V) = 0.0330402 ms−1 (exp[−(V + 45.6599 mV)/
2.30235 mV] + 1) (Wissmann et al., 2003). The equilibrium potentials
for Na+ and K+ ions were assumed as +50 mV and −85 mV, respec-
tively.
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